Xuefu Zhuyu decoction has been used for treating traumatic brain injury and improving post-traumatic dysfunction, but its mechanism of action needs further investigation. This study established rat models of traumatic brain injury by controlled cortical impact. Rat models were intragastrically administered 9 and 18 g/kg Xuefu Zhuyu decoction once a day for 14 or 21 days. Changes in neurological function were assessed by modified neurological severity scores and the Morris water maze. Immunohistochemistry, western blot assay, and reverse-transcription polymerase chain reaction were used to analyze synapsin protein and mRNA expression at the injury site of rats. Our results showed that Xuefu Zhuyu decoction visibly improved neurological function of rats with traumatic brain injury. These changes were accompanied by increased expression of synaptophysin, synapsin I, and postsynaptic density protein-95 protein and mRNA in a dose-dependent manner. These findings indicate that Xuefu Zhuyu decoction increases synapsin expression and improves neurological deficits after traumatic brain injury. 
Introduction
Traumatic brain injury (TBI) is a leading cause of mortality and long-term disability in the general population (Haring et al., 2015) . Public epidemiological statistics indicate that around 250 per 100,000 persons undergo TBI each year (Popescu et al., 2015) . In China, the incidence of TBI is dramatically increasing owing to increasing use of vehicles and high-rise buildings (Zhao et al., 2012) . Approximately 15-30% of TBI patients incur cognitive impairments each year (Wada et al., 2012; Yorke et al., 2016) . Cognitive impairments following TBI are considered the most disabling and distressing symptom for individuals, families, and society (Barman et al., 2016; Khan et al., 2017; Zhou et al., 2017) .
As TBI is due to mechanical forces acting immediately on the brain, the primary injury cannot be treated. Hence, neuroscientists and doctors focus on therapeutic strategies during secondary injury post-TBI. Secondary injury is triggered progressively in minutes to days after the primary injury, and aggravates brain damage by oxidative stress, inflammation, and excitotoxicity (Ayton et al., 2014) . TBI leads to neuronal loss and disruption of axonal microtubule networks, which are associated with neurological dysfunction (Kondo et al., 2015) .
Current knowledge suggests that synaptic dysfunction mainly contributes to neurological dysfunction after TBI. Synaptogenesis, axonal sprouting, and neurogenesis of surviving neurons are crucial to spontaneous motor recovery (Oshima et al., 2009 ). In the central nervous system, synaptic proteins play a critical role in processing and transferring information. Synaptophysin (SYN) is a synaptic vesicle glycoprotein that is widely expressed on presynaptic membranes and strongly associated with synaptic plasticity (Liu and Wang, 2017) . Elevated SYN levels have a positive effect on consolidation of learning and memory after injury (Ferrer, 1999) . SYN serves as a marker for presynaptic axon terminals, and has been used to quantify synapse amount after injury (Bonanomi et al., 2007) . Synapsin I is a nerve terminal-specific phosphoprotein involved in synaptic transmission (Cesca et al., 2010) , neural development (Fornasiero et al., 2010) , and neurite outgrowth (Wang et al., 2011) . Downregulation of synapsin I in lesion models suggests reduced trafficking or decreased number of synapses (Gulino et al., 2007 (Gulino et al., , 2010 . Postsynaptic density protein-95 (PSD-95) functions as a core scaffolding protein, and is largely expressed within excitatory synapses. PSD-95 plays an essential role in synaptic plasticity (Gardoni et al., 2001) , and facilitates maturation of pre-synaptic and post-synaptic components implicated in dendritic spine formation and neurotransmission. Previous studies have confirmed that loss of SYN, synapsin I, and PSD-95 in brain tissue underlies cognitive disorders following TBI (Pan et al., 2016; Wang and Peng, 2016) . TBI triggers a series of pathological and biophysiological reactions, which result in long-term functional impairments. Unfortunately, although vast sums of money and efforts have been invested in TBI treatment, its therapeutic efficacy remains unsatisfactory (Hu et al., 2016) . Accordingly, finding satisfactory effective neuroprotective and neurorestorative pharmacotherapies is a significant challenge (Villapol et al., 2015) .
Traditional Chinese medicine has attracted increasing attention for its associated multi-potent properties (Sucher, 2013) . Traditional Chinese medicine can interact with various pathways to improve TBI-associated pathological changes. Existing clinical research has shown the efficacy of traditional Chinese medicine by amelioration of dysfunction after TBI (Saito et al., 2010; Zhao et al., 2015) . Xuefu Zhuyu decoction (XFZY), a famous classical herbal formula consisting of 11 herbs (Table 1) , is described in Wang Qingren's "Yi Lin Gai Cuo". XFZY is not only efficient in alleviating cardiovascular disease (Shi et al., 2013) , but is also capable of reversing TBI-induced neurological dysfunction by activating blood circulation and preventing blood stasis (Fu et al., 2016) . Thirty-four bioactive compounds from XFZY have been shown to exert anti-oxidative, anti-atherogenic, and anti-inflammatory effects (Sun et al., 2010; Paoletti et al., 2013; Fu et al., 2016) . However, the detailed mechanisms involved in synaptic regulation of XFZY after TBI have not yet been determined.
In this study, we aimed to investigate protective effects of XFZY on neurological dysfunction and variation of relevant synaptic proteins (including SYN, synapsin I, and PSD-95) in a rat model of TBI. Our research may provide a potential theoretical basis for pharmacological effects of XFZY on neurological function and synaptic plasticity following TBI.
Materials and Methods

Animals
Seventy-eight specific-pathogen-free male Sprague-Dawley rats weighing 200-250 g and aged 10 weeks were purchased from the Experimental Animal Research Center of Central South University of China (license number: SCXK 2014-0011). Experimental animals were housed in 12-hour light/ dark cycles at 22°C, and allowed free access to food and water. All animal experimental procedures were strictly undertaken in accordance with the guidelines of the Animal Ethics Committee of Xiangya Hospital of Central South University and the Guidelines for the Care and Use of Laboratory Animals (approved number: 201603112). Best efforts were given to reduce animal mortality.
Rats were randomly assigned to four groups: (1) Sham group (n = 6), controlled cortical impact (CCI) without dura impact; (2) TBI group (n = 24), TBI + normal saline; (3) 9 g/kg XFZY group (n = 24), TBI + 9 g/kg XFZY; and (4) 18 g/kg XFZY (n = 24), TBI + 18 g/kg XFZY. Each injury group was randomly divided into two subgroups of 14 and 21 days post-injury (n = 12 each sub-group; with 6 brains used for immunohistochemistry and 6 for reverse-transcription polymerase chain reaction [RT-PCR] and western blot assay).
Model establishment of TBI
Throughout the surgical procedure, rats were deeply anesthetized with sodium pentobarbital (50 mg/kg intraperitoneally) and their temperature maintained using an underlying heating pad. The rat was mounted in the stereotaxic frame of the CCI injury device, with the head in a horizontal plane. After shaving, a 2.0 cm sagittal incision was made in the scalp. The skull was exposed using hemostats. A 5.0 mm diameter bone window was made on the left parietal cortex: 3.0 mm anterior and lateral to bregma. The bone flap was removed, and the impounder tip of the device positioned to the exposed dura. Cortical injury was implemented with an electronic controlled pneumatic impact device (TBI 0310; Precision Systems & Instrumentation, Fairfax Station, VA, USA). The following parameters were used: striking speed, 6.0 m/s; blow depth, 5.0 mm; and dwell time, 500 ms. The incision was closed with sutures, and the rats then placed on a warm blanket with their body temperature maintained at 37.0 ± 0.5°C. Sham rats underwent the same anesthesia and craniotomy but without dura impact.
Drug preparation
The components and volume of XFZY are shown in Table 1 . Herbs were obtained from the Pharmacy of Xiangya Hospital, Changsha, China. Voucher specimens (No. M20130042) were kept in Xiangya Hospital of China, and processed into lyophilized powder according to established standard procedures . After preparation, each 1 g of powder contained 5.2 g of unprocessed herbs. Finally, lyophilized powder was dissolved in distilled water to 1 g/mL for use. Each group received intragastric administration of XFZY or distilled water once a day after TBI for 14 or 21 days.
Neurobehavioral scoring
The neurological function of animals was assessed by modified neurological severity scores (mNSS) on days 14 and 21 post-injury. mNSS includes motor, sensory, balance, and reflex tests. Test was performed based on a previous study (Yang and Rosenberg, 2011) . Rats that failed to accomplish the task were awarded 1 score. Scores ranged from 0 to 18 (normal score: 0; maximal damage: 18), and rats with higher scores were regarded as having more severe injury.
Morris water maze
The Morris water maze was used to assess spatial learning and memory function in rats' post-injury. The test was strictly conducted as previously described (Zhu et al., 2014) . Each rat was positioned in the tank and faced the wall at a randomly selected quadrant. The time taken to reach the hidden platform (escape latency) within 90 seconds was recorded. All experiments were tracked (ANY-maze, San Diego, CA, USA).
Immunohistochemistry
Rats were anesthetized completely with sodium pentobarbital (50 mg/kg) and perfused intracardially with saline followed by 4% paraformaldehyde. Ipsilateral brain tissue was removed and rapidly immerged in 4% paraformaldehyde. Sections (10 μm thickness) were immersed in 3% hydrogen peroxide to block endogenous peroxidase. After washing thoroughly three times with PBS, immunostaining was performed with the following primary antibodies: rabbit anti-SYN (1:1000; Proteintech, Chicago, IL, USA), rabbit anti-synapsin I (1:1000; Cell Signaling Technology, Boston, MA, USA), and rabbit anti-PSD 95 (1:1000; Cell Signaling Technology) at 4°C overnight. Sections were then washed followed by incubation with biotinylated-conjugated anti-rabbit secondary antibody (1:800; Proteintech) for 2 hours at room temperature. Last, sections were stained with 3,3′-diaminobenzidine and counterstained with hematoxylin. Images were measured using Image-Pro-Plus (Media Cybernetics, Rockville, MD, USA). Three random fields per section were selected from each animal, and the optical density ratio was calculated: this included the optical density of the region and background from each section.
Quantitative RT-PCR Ipsilateral brain tissue was collected at given time points. Total RNA was isolated from tissue using Trizol isolation reagent (Invitrogen, Carlsbad, CA, USA), and the quality and concentration verified at optical density 260/280 nm. Subsequently, 3 μg of total RNA was used for RT-PCR. Amplification was performed using a SYBR PCR kit (Fermentas, Thermo Fisher Scientific, Waltham, MA, USA). The PCR amplification procedure was: initial denaturation at 95°C for 10 minutes, then denaturation 95°C for 10 seconds with annealing at 57°C (for SYN) or 59°C (for synapsin I and PSD-95) for 50 seconds for a total of 40 cycles. PCR results were evaluated by the comparative threshold cycle method (Livak and Schmittgen, 2001 ). The gene sequences of primers are shown in Table 2 .
Western blot assay Ipsilateral brain tissue samples were homogenized in radioimmunoprecipitation assay lysis buffer, and centrifuged at 12,000 r/min for 5 minutes at 4°C. Supernatants were collected. Protein concentration was determined by bicinchoninic acid assay. Equal amounts of protein (30 μg per lane) were subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis, and then transferred to nitrocellulose membranes. Membranes were incubated with rabbit anti-synaptophysin (1:500; Proteintech), rabbit anti-PSD 95 (1:1000; Cell Signaling), and rabbit anti-synapsin I (1:1000; Cell Signaling) overnight at 4°C. After washing, membranes were incubated with horseradish peroxidase-conjugated anti-rabbit secondary antibody (1:5000; Proteintech) for 50 minutes at room temperature. Enhanced chemiluminescence solution (Thermo Fisher Scientific) was used for detecting immunoreactive bands. Last, membranes were developed using a Bio-Rad ChemiDoc XRS digital documentation system (Bio-Rad). Synapsin band densities were quantified and normalized using mouse anti-β-actin (1:4000). Results are presented by averaging the values (protein/β-actin).
Statistical analysis
All data are expressed as the mean ± SD. Data were analyzed using GraphPad Prism 5.0 (GraphPad Software, La Jolla, CA, USA). The mNSS test was evaluated by repeated-measures analysis of variance. The Morris water maze task was analyzed by repeated-measures analysis of variance mixed model and two-way repeated-measures analysis of variance (group × time). Biochemical data were analyzed by analysis of variance. A value of P < 0.05 was considered statistically significant.
Results
XFZY improved behavioral functional recovery after CCI
As shown in Figure 1A , neurological function was evaluated by mNSS at 14 and 21 days after CCI. Rats in groups that underwent CCI all exhibited markedly higher scores compared with the sham group. However, administration of two different doses of XFZY resulted in significantly lower scores compared with the TBI group at the evaluated time points (P < 0.01). Figure 1B , rats undergoing CCI performed worse than sham injury rats in the Morris water maze. The TBI group displayed significantly longer escape latency to the hidden platform compared with the sham group from 19 to 21 post-injury days (P < 0.01 at 19 and 20 days, P < 0.05 at 21 days). This finding was reversed by XFZY administration, and XFZY treatment trended to reduce the gap between TBI rats and sham-operated rats. In particular, escape latency was significantly reduced in the 9 g/kg XFZY group compared with the TBI group on day 21 (P < 0.01). Figure 2A and B. Immunoreactive deposition of SYN in the 9 and 18 g/kg XFZY groups was visibly increased compared with the TBI group (P < 0.01). Interestingly, the 9 g/kg XFZY group was superior to the 18 g/kg XFZY group at 14 and 21 days post-injury (P < 0.01).
XFZY alleviated cognitive dysfunction after TBI As shown in
XFZY increased SYN expression in brain tissue after TBI SYN immunohistochemistry results are shown in
As shown in Figure 2C , the same trend was observed with SYN mRNA expression after injury. SYN mRNA expression was markedly upregulated in the 9 g/kg XFZY group compared with the TBI group (P < 0.01) and 18 g/kg XFZY group (P < 0.05) at 21 days post-injury.
Further, SYN protein content was examined by western blot assay. SYN protein expression levels in brain tissue were higher in the 9 g/kg XFZY group compared with the TBI group and 18 g/kg XFZY group at 14 days post-injury (P < 0.01). While SYN protein expression levels were significantly increased in the 9 and 18 g/kg XFZY groups compared with the TBI group at 21 days post-injury (P < 0.01; Figure 2D , E).
XFZY increased synapsin I expression in brain tissue after TBI Synapsin I immunohistochemistry is shown in Figure 3A and B. Immunoreactive deposition of synapsin I was significantly increased in the 9 g/kg XFZY group compared with the TBI group and 18 g/kg XFZY group (P < 0.01; Figure 3B ).
Synapsin I mRNA expression was significantly higher in the 9 and 18 g/kg XFZY groups than the TBI group (P < 0.01; Figure 3C ). Additionally, the 9 g/kg XFZY group was superior to the 18 g/kg XFZY group at 14 and 21 days post-injury (P < 0.01 and P < 0.05).
Synapsin I protein content was examined by western blot assay. Synapsin I protein expression levels were higher in brain tissue of the 9 g/kg XFZY group than the TBI group (P < 0.01). Significantly higher synapsin I expression was found in the 9 g/kg XFZY group compared with the 18 g/kg XFZY group at 14 days after injury (P < 0.01; Figure 3D , E). Figure 4A and B.
XFZY increased PSD-95 expression in brain tissue after TBI PSD-95 immunohistochemistry is shown in
Immunoreactive deposition of PSD-95 was higher in the 9 g/kg XFZY group compared with the TBI group and 18 g/kg XFZY group at 14 days (P < 0.05; Figure 4B) .
The same trend was found with PSD-95 mRNA expression levels in brain tissue after injury. After administration of 9 g/kg XFZY, PSD-95 mRNA expression was visibly upregulated compared with the TBI group (21 days) and 18 g/kg XFZY group (14 days) (P < 0.01; Figure 4C ).
PSD-95 protein content was examined by western blot assay. PSD-95 protein expression levels were higher in the 9 and 18 g/kg XFZY groups than the TBI group (P < 0.01). PSD-95 was markedly increased in the 9 g/kg XFZY group compared with the 18 g/kg XFZY group at 21 days after injury (P < 0.05; Figure 4D , E).
Discussion
In the present study, XFZY significantly improved performance outcomes on mNSS tests and the Morris water maze task. Furthermore, XFZY markedly reversed expression of SYN, synapsin I, and PSD-95 in ipsilateral brain tissue of CCI rats. Interestingly, the neuroprotective effect of XFZY at a dose of 9 g/kg was superior to 18 g/kg. Taken together, XFZY attenuated neurological dysfunction via upregulation of SYN, synapsin I, and PSD-95 in the ipsilateral brain of CCI rats (Figure 5) .
TBI is a leading cause of mortality and disability worldwide (Bruns and Hauser, 2003) . It can trigger tissue alterations and result in long-term cognitive deficits and neurological disorders in patients. Therefore, TBI causes a series of social, financial, and personal problems (Lin et al., 2016; Lou et al., 2016) . It is evident that synaptic function mainly contributes to cognitive deficits and neurological disorders post-TBI. Previous studies show that TBI leads to synaptic damage by triggering multiple pathological events through cellular and molecular mechanisms (Perez et al., 2016) . Thus, synaptic damage causes a significant reduction of synapses in both the cortex and hippocampus (Ansari et al., 2008a, b) . Moreover, secondary damage following TBI (including oxidative stress and inflammatory responses) aggravates the degree of synapse reduction, and ultimately contributes to neurological dysfunction (Wu et al., 2004 (Wu et al., , 2007 . Beyond the site of direct cortical injury, dramatic changes distant from primary lesions also disturb hippocampal circuits and lead to behavioral dysfunction (Atkins, 2011) . After TBI, decreasing expression of long-term potentiation changes N-methyl-D-aspartic acid (NMDA)-type glutamate receptor-mediated synaptic transmission. TBI induced disorders of synaptic transmission are strongly associated with hippocampal dysfunction, and result in cognitive and behavioral deficits (Aungst et al., 2014) . Synaptic transmission is fun- damentally important to neurological function. Motivation of synaptic expression will improve functional outcome (Thickbroom and Mastaglia, 2009 ). Enhancing synapse expression in brain tissue can accelerate neural restoration. Thus, synaptic regulation may be a promising therapeutic strategy for cognitive functional recovery. Here, we assessed neuroprotective effects and cognitive improvements in CCI rats after administration of XFZY. As shown in Figure 1B , latency to reach a hidden platform was significantly longer in rats from the TBI group compared with the sham group, which suggests that TBI damaged learning and memory capacities. Interestingly, the 9 g/kg XFZY group showed significant improvements of spatial learning and memory impairments. Furthermore, upregulation of synaptic proteins (including SYN, synapsin I, and PSD-95) was observed after administration of XFZY.
SYN is a presynaptic membrane marker (Oliveira et al., 2010) that is a crucial synapsin for axonal reorganization and synaptogenesis. The amount of SYN serves as a reflection of the level of synaptic function and synaptic transmission. Moreover, synapsin I is a main downstream effector of brain-derived neurotrophic factor, and plays an extensive role in synaptic transmission and neurite outgrowth (Futai et al., 2007; Wu et al., 2007) . In addition, PSD-95 interacts with α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) and NMDA glutamate receptors, and plays an essential role in maturation of glutamatergic synapses. Several studies show that PSD-95 increases the number and size of dendritic spines, and facilitates synaptic stabilization and plasticity (El-Husseini et al., 2000; Steiner et al., 2008) . Consequently, reduction of PSD-95 may disturb neuronal networks and connectivity (Lang et al., 2007) . SYN, synapsin I, and PSD-95 and their modifications play a dynamic role in learning and memory (Wu et al., 2006; Gorczyca et al., 2007) . Upregulation of these three synaptic proteins can contribute to memory consolidation. Based on our western blot and RT-PCR analyses, XFZY significantly enhanced expression of SYN, synapsin I, and PSD-95 in brain tissue of CCI rats. These changes were accompanied by improvements in neurological function. Overall, these results demonstrate that XFZY attenuates CCI-induced cognitive deficits via upregulation of SYN, synapsin I, and PSD-95. In future studies, the absorbed bioactive compositions of XFZY that were effective in neural restoration should be determined.
Altogether, our present study shows significant improvements of XFZY on cognitive dysfunction in CCI rats. The underlying mechanism involves regulation at the level of synaptic proteins. XFZY may represent a novel therapeutic approach for TBI treatment.
